The regions at the left and right ends of fowl adenovirus (FAdV) genomes are not wellcharacterized in comparison to those of human adenoviruses. Using a series of deletion mutants, we analysed a 2.4 kb region near the left end of the FAdV-9 genome (nt 400-2782) that contains packaging-signal motifs VI and VII and open reading frames (ORFs) 0, 1, 1A, 1B, 1C and 2. Viable viruses with specific deletions in this region had wild-type characteristics in vitro, as measured by cytopathic effect, plaque morphology, virus titres and growth kinetics. However, one mutant (FAdV-9D4), which lacked these ORFs and retained the packaging motifs, did not replicate at wild-type levels in vivo, as judged in infected eggs by virus titres in allantoic fluid and in infected chickens by antibody responses, virus titres in faeces and virus genome copy numbers in tissues. These findings indicate that some of the ORFs in this region, although dispensable in vitro, are important for in vivo replication of FAdV-9.
INTRODUCTION
Fowl adenoviruses (FAdVs) have a worldwide distribution, and some are important poultry pathogens that cause inclusion body hepatitis and hydropericardium syndrome in chickens (Adair & Fitzgerald, 2008) . FAdV serotypes are grouped into five species (Fowl adenovirus A-E), all belonging to the genus Aviadenovirus, family Adenoviridae (Benkő et al., 2005) . Complete nucleotide sequences are available for the genomes of FAdV-1 (CELO virus) and FAdV-9 (strain A-2A) (Chiocca et al., 1996; Ojkic & Nagy, 2000) , and partial nucleotide sequences are also available for the left and right ends of the genomes of FAdV-2, -4, -8 and -10 (strain C-2B) (Corredor et al., 2006 (Corredor et al., , 2008 . None of the early genes at the left and right ends of the FAdV genomes are homologues of the E1, E3 and E4 genes of mastadenoviruses, which infect mammals Chiocca et al., 1996) .
As annotated in GenBank accession no. AC_000013 (Davison et al., 2003) , the left ends of FAdV genomes show the following open reading frame (ORF) arrangement: ORFs 0, 1 (dUTPase), 1A, 1B, 1C (absent from FAdV-4 and -10), 2 (Rep protein), 24 (absent from FAdV-1), 14, 13 and 12 (Corredor et al., 2006) . ORF15, an additional leftward-oriented ORF overlapping ORF14, is not annotated in GenBank accession no. AC_000013, but its transcription has been demonstrated early in infection . ORFs 0, 1, 1A, 1B, 1C and 2 are rightward-oriented and seem to be transcribed early in infection from a common promoter upstream of ORF0 (Ojkic et al., 2002) . ORFs 24, 14, 13 and 12, which encode NS-1 family proteins (Washietl & Eisenhaber, 2003) , are leftward-oriented. ORF13 is transcribed from the E2 promoter (Ojkic et al., 2002) , as might also be the case for ORFs 24, 15, 14 and 12. The functions of these ORFs are unknown.
In this study, the importance of ORFs at the left end of the FAdV-9 genome in virus replication in vitro and in vivo was investigated by analysing deletions, as a first step towards elucidating the roles of the early genes in this region.
RESULTS

Generation of deletions
The ORF arrangement within the left-end genomic region of FAdV-9 and the features of all deletions are depicted in Fig. 1(a, b) , respectively. Nine deletions were generated in the region within nt 250-4200 of the FAdV-9 genome as shown: FAdV-9D1 (D1194-2342), FAdV-9D2 (D854-2782), FAdV-9D3 (D854-2817), FAdV-9D4 (D491-2782), FAdV-9D5 (D491-2980), FAdV-9D6 (D491-4200), FAdV-9D7 (D400-2782), FAdV-9D8 (D330-2782) and FAdV-9D9 (D250-2782) . Viable viruses were recovered following transfection of CH-SAH (chicken hepatoma) cells without complementation with only the FAdV-9D1, -9D2, -9D4 and -9D7 genomes at 5-7 days post-transfection (p.t.). The first viable deletion mutant, FAdV-9D1, was generated by digestion with Sgf I (nt . This deletion retained the complete ORF0 and partial sequences for ORFs 1 and 2, whilst ORFs 1A, 1B and 1C were deleted. As 29.3 % of ORF1 and 51.2 % of ORF2 were still present in FAdV-9D1, the in vitro effects due to the complete absence of all leftward-oriented ORFs were investigated further.
Therefore, a deletion extending to nt 854-2782, represented in the viable FAdV-9D2 genome, was generated. In this genome, ORF0, the first 7 nt of ORF1 and the ORF2 polyadenylation signal remained, whilst ORFs 1A, 1B, 1C and 2 were removed. Subsequently, to determine whether the removal of DNA sequences upstream of nt 854, compromising ORF0 and the transcription start of the rightwardoriented ORFs at nt 562 for ORF1 and nt 605 for ORFs 1A, 1B, 1C and 2 (Ojkic et al., 2002) , would compromise viability, a deletion from nt 491 was carried out as represented in the viable FAdV-9D4 genome. FAdV-9D4 was devoid of all rightward-oriented ORFs, but retained the putative packaging-signal motifs and the leftward-oriented ORFs (24, 15 and 14) , including the ORF2 polyadenylation signal. To determine whether larger deletions than that in FAdV-9D4 downstream of nt 2782 compromise viability, the deletions represented in FAdV-9D5 and -9D6 were generated. These mutant genomes were not viable and lacked the six rightward-oriented ORFs (ORFs 0, 1, 1A, 1B, 1C and 2). The non-viable FAdV-9D6 genome lacked all of ORF24 and most of ORF14 (96.8 %), whilst the non-viable FAdV-9D5 genome lacked 7.8 % of ORF24. From this, ORFs 24, 15 and 14 appear to be important for in vitro replication. To confirm the essential roles of these ORFs or DNA sequences downstream of nt 2782, FAdV-9D3 was generated through a deletion at nt 854-2817. This mutant genome retained, in the leftward orientation, the putative polyadenylation signal at nt 2828-2823, following ORFs 14, 15 and 24. The viable FAdV-9D2 and non-viable FAdV-9D3 genomes had the common 59 deletion starting at nt 854, but differed by only 35 nt (nt 2783-2817) at their 39-deletion sites. This 35 nt sequence contains a 60 mol% A/T-rich region, including the ORF2 polyadenylation signal and, in the minus strand, a transcription-termination site consensus sequence (GU/U) that could be used for transcription termination of ORFs 24, 15 and 14 (Fig. 1c) .
As deletions downstream of nt 2782 compromised viability, deletions upstream of nt 491 were carried out to determine whether all packaging-signal motifs were required for virus replication. Deletion from nt 250, represented in FAdV-9D9, completely removed all packaging-signal motifs (TTTG), whilst partial deletions of these sequences were made with deletions at nt 400 (packaging motifs VI and VII) and nt 330 (packaging motifs IV-VII), represented in FAdV-9D7 and -9D8, respectively. Of these mutant genomes, only FAdV-9D7 was viable. FAdV-9D7 is also devoid of the rightwardoriented ORFs and contains the largest deletion (2.4 kb) found that did not compromise virus replication. Therefore, these data demonstrated that packaging-signal motifs VI and VII and the rightward-oriented ORFs at the left end of the FAdV-9 genome are dispensable for virus replication in vitro. FAdV-9D7 and FAdV-9D4 differed by only 91 bp, and all packaging-signal motifs (I-VII) were retained in the latter mutant.
All mutant viable viruses had wild-type (wt) virus plaque morphology and growth kinetics and titres in hepatoma cells (Fig. 2) . Moreover, these viruses also replicated at wt levels in QT-35 (quail fibroblast) and CELi (primary chicken embryo liver) cells (not shown), with a cytopathic effect (CPE) similar to that of wt FAdV-9. In contrast, CPE was not observed for FAdV-9D3, -9D5, -9D6, -9D8 or -9D9 upon transfection into CH-SAH cells, even after blind passages and several attempts. Transfection with these genomes generated viable viruses with wt characteristics only when rescued by the incorporation of the entire deleted sequence in CH-SAH cells by homologous recombination. This showed that no unanticipated mutations beyond the deleted region were responsible for lack of viability of these genomes.
Complementation assays of ORF24-, ORF14-and ORF15-negative mutant genomes
To determine whether ORFs 24, 14 and 15 provided in trans could complement FAdV-9D3, -9D5 and -9D6, cotransfections were carried out between these mutant genomes and all, individual or any combination of ORF constructs. These constructs, pORF14, pORF15 and pORF24, allow the expression of these ORFs as native proteins. In addition, pORF14-EGFP, pORF15-EGFP and pORF24-EGFP, which express these ORFs as fusion proteins with enhanced green fluorescent protein (EGFP) at their C terminus, were also used in the co-transfection assays. Transcripts of ORFs 14, 15 and 24 from CH-SAH cells transfected with the pORF constructs were detected by RT-PCR. Also, the expression of these ORFs as EGFPfusion proteins was visualized by fluorescence microscopy in cells transfected with the three pORF-EGFP constructs, thus demonstrating expression of these ORFs. CPE was not seen in CH-SAH cells transfected with any of the three ORFs separately, or any combination of two or all three ORFs, even after repeated blind passages in either untransfected cells or cells transfected with the pORF plasmids.
Virus replication in vivo
Of the viable viruses, FAdV-9D4 was chosen for in vivo studies (embryonated eggs and chickens) because it replicated at wt levels in vitro, lacked the six rightwardoriented ORFs and, unlike FAdV-9D7 with the largest viable deletion, retained all seven packaging-signal motifs.
ResFAdV-9D4 (rescued FAdV-9D4) and wt FAdV-9 were also included in this experiment. Virus replication in embryonated eggs was evaluated by virus titres in the allantoic fluids collected at different days post-infection (p.i.) (Table 1) . At 24 h p.i., virus titres did not differ statistically among these viruses (P.0.05). However, from 48 h p.i., FAdV-9D4 titres were significantly lower (P,0.05) than those of wt FAdV-9. ResFAdV-9D4 titres were similar to those of wt FAdV-9 compared with FAdV-9D4, except at 72 h p.i. when they were around 4-fold higher (P,0.05). Virus titres for FAdV9D4 remained at the same order of magnitude (10 3 ) throughout the experiment, whereas titres from eggs inoculated with ResFAdV-9D4 and wt FAdV-9 increased 13-and 76-fold by 72 h p.i., 46-and 34-fold by 96 h p.i. and 35-and 76-fold by 120 h p.i., respectively. Therefore, compared with wt FAdV-9 and ResFAdV-9D4, replication of FAdV-9D4 in embryonated eggs was compromised.
White Leghorn chickens inoculated with FAdV-9D4 (group 1), ResFAdV-9D4 (group 2) or wt FAdV-9 (group 3) did not develop any clinical signs associated with infection with pathogenic FAdV, indicating that the deletion did not cause any changes in the virulence of the parental virus.
Virus titres in faeces are summarized in Table 2 . No virus was detected in cloacal swabs in any groups before inoculation (0 days p.i.). FAdV-9D4 was detected from only two chickens of group 1 (10 %) at 3 days p.i., with titres of 3610 1 and 1610 1 p.f.u. ml
21
. The presence of FAdV-9D4 could not be detected by plaque assay at any time from 5 to 28 days p.i. As expected, virus shedding with higher titres occurred at 3-14 days p.i. for ResFAdV-9D4 and wt FAdV-9, with no significant differences. Virus titres in the faeces reached maximal levels at 7 days p.i. Plaques from cells infected with cloacal-swab samples were picked for virus propagation followed by DNA extraction, restriction analysis with NotI and PCR with FAD-1 and FAD-2 primers (see Supplementary Table S1 , available in JGV Online). Genomes from viruses isolated from group 1 (two chickens) at 3 days p.i. had the NotI restriction profiles and PCR product sizes (2.1 kb) expected of the FAdV-9D4 genome. Restriction profiles and PCR product sizes (4.4 kb) found in virus genomes from groups 2 and 3 corresponded to the wt FAdV-9 genome (not shown).
Antibodies against wt FAdV-9 were not detected in any group before inoculation (0 days p.i.) or in the mockinfected group at any time (Fig. 3) . Based on sample-to- positive (S/P) ratios, an antibody response to virus proteins appeared at 1 week p.i., with no significant differences (P50.09) among all inoculated groups. Antibody levels increased in all groups at 2 weeks p.i. and continued to do so until the end of the experiment at 4 weeks p.i. The antibody response to FAdV-9D4 was significantly lower (P,0.01) than that to ResFAdV-9D4 and wt FAdV-9 from 2-4 weeks p.i., whereas levels of antibodies to ResFAdV-9D4 and wt FAdV-9 did not differ significantly from each other except at 2 weeks p.i. (P50.045).
Virus DNA was detected by nested PCR in tissues collected from some inoculated chickens throughout the experiment (Table 3 ). The PCR products observed for FAD-1int and FAD-2int were 0.25 kb for FAdV-9D4 and 2.6 kb for ResFAdV-9D4 and wt FAdV-9, as expected (not shown), in all positive samples. No virus DNA was detected in tissues from any groups before inoculation (day 0) or in mockinoculated chickens. In general, virus DNA was detected in tissues collected at 3, 5, 7, 14 and 21 days p.i. However, virus DNA was not detected in any tissues from chickens inoculated with FAdV-9D4 at 7 and 21 days p.i. or with wt FAdV-9 at 14 days p.i.
Virus copy number, as determined by real-time PCR, was generally lower in FAdV-9D4-positive tissues than in ResFAdV-9D4-and wt FAdV-9-positive tissues and remained near the same level [10 5 copies (mg tissue DNA)
]. Virus isolation was used to confirm the presence of viable viruses. FAdV-9D4 was isolated from only two liver samples, one collected at 3 and one at 5 days p.i., whilst ResFAdV-9 and wt FAdV-9 were isolated from many tissues ( Table 3 ). The NotI restriction profiles of the DNA from the isolated viruses corresponded to those expected for FAdV-9D4 or wt FAdV-9.
DISCUSSION
We identified a 2383 bp non-essential sequence at nt 400-2782 at the left end of the FAdV-9 genome, containing the DNA-packaging motifs VI and VII and ORFs 0, 1, 1A, 1B, 1C and 2. These viruses replicated at wt levels in avian CH-SAH, QT-35 and CELi cells. These findings demonstrate the inability of mastadenovirus E1-negative genomes to generate viable viruses unless transfected into complementing cell lines (Graham & Prevec, 1995) . Therefore, the nonessential left-end genomic region of FAdV-9, and probably of all FAdVs, does not appear to be equivalent to the mastadenovirus E1 region in function, despite their similar location in the genomes. Deletion of the packaging motifs IV and V, including their intervening sequences as in FAdV-9D8, was not viable, probably due to the lack of genome packaging. Therefore, motifs I and V retained in FAdV-9D7 seem to be required for virus DNA packaging in the absence of motifs VI and VII, plus all six rightward-oriented ORFs. and wt FAdV-9 (dotted bars), and in mockinoculated chickens (empty bars), as measured by S/P ratios. Antibody response to FAdV-9D4 virus was significantly lower (P,0.05) than that to wt FAdV-9 from 2 weeks p.i. A significant difference with respect to wt FAdV-9 is indicated by *, whilst no significant difference is indicated by 3. The non-viable FAdV-9D3 genome differs from that of the viable FAdV-9D2 genome by only 35 nt . This region is present in all viable viruses, suggesting its essential role in virus replication, at least in the absence of the rightward-oriented ORFs. This region, present in FAdV-9D2 and the non-viable FAdV-9D8 and -9D9, contains a putative transcription-termination site that could be important for transcription termination and polyadenylation of ORFs 14, 15 and 24. Therefore, the expression of these ORFs may have been abrogated in FAdV-9D3, compromising viability, perhaps due to the lack of a poly(A) tail at the 39 end of the transcript(s). Polyadenylation is required for most eukaryotic mRNAs for transport out of the nucleus, stability and translation (Jacobson & Peltz, 1996; Lewis et al., 1995; Wickens et al., 1997) .
The essential roles of ORFs 14, 15 and 24 could not be demonstrated by complementation assays. We have previously demonstrated the transcription of ORFs 14, 15 and 24 early in infection, and their start codons were determined at nt 4051, 3929 and 3412, respectively. ORFs 14, 15 and 24 were shown to be equivalent to LTL-5, LTL-4 and LTL-6, respectively, in a previous report ; GenBank accession no. AF021253). These ORF products, however, have not been demonstrated during infection. Based on these findings, each ORF was cloned into the pEGFP-N1 vector for the complementation assays. ORFs 14 and 24, but not ORF15, appear in the annotations made by Davison et al. (2003) (GenBank accession no. AC_000013). In those annotations, ORFs 14 and 24 appear to be 59 and 27 aa longer at their N termini, respectively, due to theoretical predictions of a common 59 exon at nt 16276-16281 and additional DNA sequences upstream of the initiation codons, as demonstrated by Cao et al. (1998) and Ojkic et al. (2002) (171 and 105 bp for ORFs 14 and 24, respectively). As these exons were absent from our ORF14, 15 and 24 expression plasmids, the possibility that ORFs 14 and 24 were non-functional due to truncations at the N terminus should be considered. It is also possible that the lack of complementation could have been due to the presence of cis-acting elements at nt 2783-2817 that might be important for virus replication in the absence of the non-essential region at nt 400-2782.
Replication-competent FAdV-1 vectors were generated through various deletions partially compromising the rightward-oriented left-end ORF homologues (Francois et al., 2001) . However, deletions comprising all of these ORFs rendered non-viable genomes, but these can be complemented (Michou et al., 1999) , whereas similar deletions in FAdV-9 resulted in viable genomes without complementation.
Although not required for replication in vitro, the rightward-oriented ORFs seemed to be important for high-level virus replication in vivo. This is evidenced by the significantly lower virus titres in the allantoic fluids of embryonated eggs and faeces of the FAdV-9D4-inoculated chickens, virus genome copy numbers in the analysed tissues and antibody response compared with those of the wt virus. Furthermore, FAdV-9D4 was isolated from only two livers at 3 and 5 days p.i., whereas ResFAdV-9D4 and the wt virus were isolated from many tissues at different days p.i. (Table 3 ). The low antibody response and virus titres in the faeces could be attributed to a reduced extent of virus replication that might be reflected in the general low virus genome copy number in tissues.
The role of each ORF in replication in vivo remains undetermined. However, ORFs 1 and 1C have predictable functions. ORF1, present in all analysed FAdVs (Corredor et al., 2006) , encodes the viral dUTPase that may be important for in vivo replication, as demonstrated in other viruses (Chen et al., 2002) . ORF1C has 36.8 % amino acid identity to the E5 oncoprotein of bovine papillomavirus type 1 (Ojkic & Nagy, 2000) and appears to have similar functions in downregulating major histocompatibility complex class I molecules (Marchetti et al., 2002) . Therefore, rapid clearance of virus-infected cells by a Tcell response may occur, resulting in fewer virus antigenpresenting cells and less virus shedding through faeces.
In conclusion, this is the first study to evaluate the relative importance of the left-end ORFs of FAdVs in virus replication in vitro and in vivo as a first step towards understanding any novel mechanisms in host-virus interactions. A 2.4 kb region at the left end of the FAdV-9 genome containing two putative motifs of the packagingsignal domain and six ORFs was dispensable for virus replication. However, the left-end ORFs seem to be important for in vivo replication at wt levels.
METHODS
Viruses and cells. FAdV-9 strain A-2A, a non-pathogenic strain, was propagated in chicken hepatoma cells (CH-SAH cell line). Virustitration and one-step growth-curve assays were also carried out in these cells as described previously (Alexander et al., 1998) . In addition, the infectivity of FAdV-9D mutant viruses was determined in a quail fibroblast (QT-35) cell line and primary chicken embryo liver (CELi) cells. Livers from 15-day-old chicken embryos were collected aseptically and processed as described by Schat & Purchase (1989) to obtain the CELi cells. CH-SAH and QT-35 cells were maintained in Dulbecco's modified Eagle's medium/nutrient mixture F-12 Ham with 10 % non-heat-inactivated fetal bovine serum as described previously (Alexander et al., 1998) .
Deletions. All manipulations of the FAdV-9 genome were carried out in Escherichia coli BJ5183 using the FAdmid clone pPacFAdV-9 (Ojkic & Nagy, 2001) , which contains the entire FAdV-9 genome (see Supplementary Fig. S1 , available in JGV Online). pPacFAdV-9 was digested with Sgf I to remove a 1149 bp (D1194-2342) fragment. The construct was subsequently recircularized by ligation and transformed into E. coli DH5a to generate the pFAdV-9D1 construct. This construct was digested with NotI, and the 6.3 kb NotI left-end fragment (nt 1-7447 with D1194-2342) was purified and cloned into the modified pWE-15. The intermediate pleftD1194-2342 construct was used as a template to generate eight intermediate constructs with larger deletions by inverse PCR using various primer pairs (Supplementary Fig. S1 ; Supplementary Table S1 ; described in more detail in Supplementary Methods). The deletion-mutant genomes were generated upon homologous recombination between virus DNA fragments of each intermediate construct and pFAdV-9D1 in E. coli BJ5183. Subsequently, all deletion constructs were digested with PacI to release the linear virus genomes with deletions (FAdV-9D1-D9) from the cosmid vector, followed by transfection into CH-SAH cells. Upon appearance of CPE at 5-7 days p.t., virus was passaged and harvested, and virus DNA was extracted (Ojkic & Nagy, 2001 ).
Transfected cells that did not show CPE at 7 days p.t. were blindpassaged. Alternatively, transfected cells were frozen and thawed, and the lysate was used to infect fresh CH-SAH cells. The presence of deletions in viable and non-viable deletion-mutant genomes was analysed by restriction with NotI, hybridization and sequence analysis.
Generation of rescued viruses. A 4.4 kb PCR product (nt 18-4387) was generated with primers FAdE1F and FAdE1R (Supplementary Table S1 ) from the wt FAdV-9 genome. After gel purification, 100-200 ng 4.4 kb PCR product and 10-20 ng SwaIdigested pFAdV-9Ds or Sgf I-digested pFAdV-9D1 constructs were cotransfected into E. coli BJ5183 (not shown). The downstream procedures to generate rescued constructs and viruses were as described above. Alternatively, CH-SAH cells were co-transfected with 1-2 mg PacI-digested pFAdV-9Ds and 1-2 mg 4.4 kb PCR product. Subsequently, cells were freshly passaged at 7 days p.t. and viruses were harvested at 10-15 days p.t., followed by restriction analysis as described previously.
Complementation assays between ORF24-, ORF14-and ORF15-negative virus genomes and ORFs 24, 14 and 15 supplied in trans. ORFs 14, 15 and 24 of wt FAdV-9 (nt 4051-3536, 3447-3929 and 3412-2837, respectively) were amplified by PCR with Pfu DNA polymerase. The Kozak region upstream of these ORFs and the HindIII and PstI sites at their 59 and 39 ends, respectively, were introduced using specific primers for each ORF (Supplementary  Table S1 ), whilst their stop codons were lacking. Upon cloning into the HindIII and PstI sites of pEGFP-N1 (Clontech), the EGFP gene was placed in-frame at the C termini of such ORFs to generate fusion proteins. Inverse PCR, as described for the generation of deletions, was used to remove EGFP from each construct (pORF14-EGFP, pORF15-EGFP and pORF24-EGFP) and to restore the stop codons for each ORF. Inverse PCR was performed with reverse primers (INVORF14-R, ORF15-R and ORF24-R) annealing at the 39 ends of ORFs 14, 15 and 24 and a forward primer (EGFPEXT) annealing at the first 20 nt downstream of the stop codon of EGFP (Supplementary Table S1 ). Expression of these proteins was under the control of the cytomegalovirus promoter and the simian virus 40 polyadenylation signal. Co-transfections of CH-SAH cells (1.5610 6 cells per well) were with 1-2 mg non-viable FAdV-9D3, -9D5 and -9D6 and each or all ORF plasmids, or combinations of pORF24 plus pORF14, pORF14 plus pORF15 and pORF15 plus pORF24 (0.5-3.0 mg each), using Lipofectin reagent (Invitrogen) in six-well plates. These assays were performed similarly with the constructs expressing ORFs 14, 15 and 24 as fusion proteins with EGFP. These assays were performed independently at least four times, each time in duplicate, and expression was monitored by either RT-PCR or EGFP fluorescence. To monitor EGFP expression of the EGFP-fusion constructs, sterile coverslips were placed in wells prior to cell plating. After co-transfection, the coverslips were removed and placed onto microscope slides to observe EGFP expression at 48-72 h p.t. in an Olympus Provis AX-70 microscope with fluorescein isothiocyanate optics.
Co-transfected cells were subjected to one freeze-thaw cycle at 7 days p.t. and the cell lysates were used to infect CH-SAH cells transfected with these ORF constructs for 24-48 h. Four passages were carried out through this procedure in 24 h-transfected cells with the pORF constructs as described above and cells were monitored for CPE appearance.
Embryonated egg experiments. Eighty 9-day-old embryonated specific-pathogen-free eggs were divided into three experimental groups of 24 and one negative-control group of 8. Groups 1, 2 and 3 were inoculated via the allantoic route with 1610 5 p.f.u. FAdV-9D4, ResFAdV-9D4 and wt FAdV-9, respectively. The eggs in group 4 were inoculated with PBS. Allantoic fluid from six eggs of groups 1, 2 and 3, and two eggs of group 4, was harvested at 24, 48, 96 and 120 h p.i. and titrated in CH-SAH cells.
Animal experiments. The animal experiments were reviewed and approved by the Animal Care Committee of the University of Guelph in accordance with the Guide to the Care and Use of Experimental Animals of the Canadian Council on Animal Care (http://www.ccac.ca/en/CCAC_Programs/Guidelines_Policies/PDFs/ ExperimentalAnimals_GDL.pdf). Two-week-old White Leghorn chicks in four groups of 20 were wing-tagged, bled and inoculated intramuscularly once with 2610 6 p.f.u. Groups 1, 2 and 3 were inoculated with FAdV-9D4, ResFAdV-9D4 and wt FAdV-9, respectively. The fourth group was mock-inoculated with 100 ml PBS.
To follow virus shedding through faeces, cloacal swabs were collected in 1 ml PBS with antibiotics (100 U penicillin ml 21 , 100 mg streptomycin ml 21 ) at 0 (prior to inoculation), 3, 5, 7, 10, 14, 21 and 28 days p.i. The samples were vortexed and centrifuged at 6000 g for 10 min. The supernatants were transferred into fresh tubes and centrifuged again (same conditions). The supernatants were stored at 270 uC. Viruses were titrated as described previously (Alexander et al., 1998) and plaques were picked for virus propagation followed by DNA extraction as reported previously (Ojkic & Nagy, 2000 . To confirm the deletions in the recovered viruses from cloacal swabs, virus DNAs were digested with NotI and used as templates for PCR with primers FAD-1 and FAD-2 (Supplementary Table S1), followed by sequencing.
Tissue samples from liver, caecal tonsils and bursa of Fabricius were collected (two chickens per group) at 0, 3, 5, 7, 14 and 21 days p.i. as described elsewhere (Ojkic & Nagy, 2003) . For virus isolation, 50-100 mg tissue was minced in 500 ml sterile PBS with antibiotics (described above) with sterile pestles in microcentrifuge tubes, followed by centrifugation at 10 000 g for 5 min. The supernatants were transferred into fresh 1.5 ml tubes and centrifuged again (same conditions). CH-SAH cells were infected with the supernatants, and cells that did not show CPE by 5 days p.i. were subjected to one cycle of freeze-thaw, followed by infection of fresh CH-SAH cells. This procedure was carried out up to five passages. Cells that showed CPE were frozen and thawed once and the lysate was used to infect cells plated in 120 mm cell-culture dishes. Virus harvesting, virus DNA extraction and restriction analyses were carried out as described above.
DNA was extracted from tissues with a DNeasy Blood and Tissue kit (Qiagen) followed by UV quantification. All DNA samples were adjusted to 50 ng ml 21 and 100 ng was used for nested and quantitative PCR. Virus DNA was detected by nested PCR with FAD-1 and FAD-2 as external primers and FAD-1int (nt 301-320) and FAD-2int as internal primers. These primers flanked the deletion sites. Nested PCR was also performed with primers located within the virus pX gene: pXext-F and pXext-R as external and pXint-F and pXint-R as internal primers (Supplementary Table S1 ). Virus genome copy number in chicken tissues was determined by quantitative PCR as described elsewhere (Romanova et al., 2009) . To study the antibody response, chickens were bled at 0, 1, 2, 3 and 4 weeks p.i. and the serum samples were tested for FAdV-specific antibodies by ELISA as described previously (Ojkic & Nagy, 2003) . The S/P ratio is a measure of antibody levels and was generated by dividing the mean of the A 405 readings for each sample by the mean of the A 405 readings of a reference positive serum (Makkay et al., 1999; Ojkic & Nagy, 2003) . The t-test was used to determine the significance of the antibody response among the inoculated groups.
